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Abstract 
Photocurrent spectroscopy is a versatile technique to identify and understand the 
optoelectronic dynamics occurring in semiconductor nanowires. Conventional photocurrent 
spectroscopy allows to explore the morphology and material properties of nanowires as well 
as their contact interfaces. Using time-resolved photocurrent spectroscopy one gets additional 
information on the multiple photocurrent generation mechanisms and their respective 
timescales. This chapter discusses various aspects of the photocurrent spectroscopy and it 
summarizes the physical mechanisms behind the photocurrent and photoconductance effects 
in semiconductor nanowires. 
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1. Introduction 
First investigations of photocurrents in semiconductor nanowires were performed at the 
beginning of the millennium (Duan et al. 2001; Hayden et al. 2006; Keem et al. 2004; Kind et al. 
2002). Since then nanowires have been increasingly investigated with respect to future 
applications in solar cells (Kempa et al. 2008; Tian et al. 2007), photodetectors (Bulgarini et al. 
2012; Hayden et al. 2006; Prechtel et al. 2012a) and optical sensors (Falk et al. 2009; Lee et al. 
2004; Lee et al. 2007). Photocurrent spectroscopy is a powerful tool to identify the generation 
mechanisms of the photocurrent in nanowire-based devices (Erhard et al. 2013; Prechtel et al. 
2012a). The observed photocurrent effects can be significantly influenced by the nanowire 
geometry. For instance, the absorption can be dominated by the dielectric confinement (Cao 
et al. 2009; Wang et al. 2001). Nanowires can be grown with diameters below the Bohr radius, 
resulting in one dimensional quantum confined structures (Law et al. 2004).  Furthermore, 
nanowires with crystal structures not inherent to the bulk have a different band structure and 
band gap (Maharjan et al. 2009; Trägårdh et al. 2007). Strain free heterostructures with radial 
or axial symmetries allow to build new types of optoelectronic nanowire devices, inherently 
different to circuits based on thin film technologies (Kuykendall et al. 2007; Li et al. 2010). Due 
to the large surface to volume ratio photoconductance effects negligible in bulk 
semiconductors can further dominate the optoelectronic response of semiconductor 
nanowires. This chapter is structured as follows: Section 2 describes the conventional and time-
resolved photocurrent spectroscopy. Section 3 summarizes the photocurrent and 
photoconductance effects which have been observed in semiconductor nanowires. Section 4 
reviews the absorption effects in nanowires investigated by photocurrent spectroscopy. 
Section 5 discusses the photocurrent and photoconductance effects for the different nanowire 
morphologies. The chapter concludes with an outlook in section 6.  
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2. Methods 
2.1. Conventional photocurrent spectroscopy 
Conventional photocurrent spectroscopy explores the photocurrent of electrically contacted 
semiconductor nanowires as a function of e.g. excitation wavelength, bias voltage, and light 
polarization. To this end, a laser is focused through an objective onto the nanowire-based 
circuit and a bias voltage is applied to one of the contacts. In some experiments, a chopper is 
used to enhance the signal to noise ratio (Dunn 2000) and to get access to optoelectronic 
processes in the frequency range of Hz to kHz (s to ms).  
Up to now, optical absorption experiments on a single nanowire are still challenging and have 
only been realized for high illumination intensities (Gabriel et al. 2013). Photocurrent 
spectroscopy, however, enables absorption measurements on single nanowires also for low 
intensities (Chen et al. 2013),  albeit the small fraction of light which is absorbed by a single 
nanowire (Cao et al. 2009; Kim et al. 2013). Hereby, one can get information on the nanowires’ 
band structure and joint density of states (Bennett 1971). Thus, photocurrent spectroscopy can 
be a good supplement to photoluminescence measurements, as photocurrent spectroscopy 
can be easily performed at room temperature and it is also applicable to indirect band gap 
materials (Chen et al. 2013). 
2.2. Time-resolved photocurrent spectroscopy 
Conventional photocurrent studies are typically limited to timescales exceeding 10 ps (Gallo et 
al. 2011) because available electronic equipment cannot produce and detect faster trigger 
signals and transients. Furthermore, optoelectronic charge-carrier dynamics are obscured by 
the response time of the high-frequency circuits. Yet, it is known from optical experiments that 
carrier relaxation, thermalization, and recombination processes can occur on much faster time 
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scales in semiconductor nanowires (Johnson et al. 2004). Using time-resolved photocurrent 
spectroscopy one can investigate the dynamics of photo-thermoelectric currents, displacement 
currents, the transport of photogenerated charge carriers to the electrical contacts, and the 
photo-Dember effect, as well as the carrier lifetime limited currents with a picosecond time-
resolution (Figure 1). In time-resolved measurements, the individual current contributions can 
be separated because of their characteristic timescales and dynamics in nanowires. Moreover, 
the drift velocity of the photogenerated holes can be explored (Erhard et al. 2013; Prechtel et 
al. 2012a). The results obtained by time-resolved photocurrent spectroscopy prove useful for 
the design of nanowire based photodetectors, photoswitches, solar cells, and high-speed 
transistors. 
There exist two major pump-probe methods to measure the time-resolved photocurrent on a 
picosecond timescale. These are the photocurrent autocorrelation spectroscopy (Erhard et al. 
2013; Gabor et al. 2012; Urich et al. 2011) and the THz-time domain photocurrent spectroscopy 
(Erhard et al. 2013; Prechtel et al. 2012a). 
2.2.1. Photocurrent autocorrelation spectroscopy 
For the photocurrent autocorrelation spectroscopy, a pump laser pulse is focused on the 
nanowire (Figure 2). This exciting pulse needs to be intense enough to generate a photocurrent 
in saturation (e.g. because of bleaching due to state filling (Ahn et al. 2012; Li et al. 2014; Lo et 
al. 2012)). A second probe laser pulse hits the nanowire at the same position after a time 
delay Δ𝑡. The probe laser pulse can only excite additional charge carriers and hereby an 
additional photocurrent if the saturation photocurrent induced by the pump laser pulse is 
already partially relaxed after Δ𝑡. Hereby, photocurrent relaxation times in the picosecond 
regime have been explored (Erhard et al. 2013). However, photocurrent effects which do not 
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saturate such as the photo-thermoelectric effect (section 3.2) cannot be explored by the 
photocurrent autocorrelation spectroscopy.  
2.2.2. THz time-domain photocurrent spectroscopy 
Another possibility to measure the photocurrent of a nanowire with a picosecond time-
resolution is the so-called THz time-domain photocurrent spectroscopy (Erhard et al. 2013; 
Prechtel et al. 2012a). Compared to the photocurrent autocorrelation spectroscopy, it also 
works in the non-saturation regime, because the time-resolution is achieved by the utilization 
of an Auston switch (Figure 3). First, the electrically contacted nanowire is excited by a 
femtosecond laser pump pulse. The photogenerated currents in the nanowire induce an 
electromagnetic transient in the strip lines, by which the nanowire is contacted (optical 
microscope image in Figure 3). The transient is directly proportional to the photocurrent and it 
propagates along the strip lines to the field probe where the so-called Auston-switch is excited 
by a probe laser pulse at a time delay Δ𝑡. The Auston-switch is a silicon photo-switch with a 
sub-picosecond response time (Auston 1983; Doany et al. 1987). If at the time delay the 
electromagnetic transient is present at the Auston-switch, the photogenerated charge carriers 
in the silicon amount to a current 𝐼sampling in the field probe. Hereby, the photocurrent of the 
nanowire can be sampled as a function of Δ𝑡 with a picosecond time-resolution (Erhard et al. 
2013; Prechtel et al. 2012a). The THz-time-domain photocurrent spectroscopy allows to 
characterize nanowires in an all-encompassing way as the conventional photocurrent 
spectroscopy but with a time-resolution of picoseconds (Prechtel et al. 2011; Prechtel et al. 
2012b). In particular, the THz time-domain spectroscopy can be used to explore photo-
thermoelectric effects, displacement and drift currents (photovoltaic effects), recombination 
processes and THz oscillations in single nanowires (Erhard et al. 2013; Prechtel et al. 2012a).  
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3. Photocurrent dynamics in semiconductor nanowires 
In principle, photocurrents involve two main physical processes: the optical absorption and the 
charge transport (Chen et al. 2011; Chen et al. 2013; Sze et al. 2007). However, one can 
distinguish several optoelectronic dynamics with different timescales (Figure 1) as will be 
discussed in the following sections. 
3.1. Photovoltaic effects 
In a naïve picture, the photovoltaic effect is the generation of a voltage when a device is 
exposed to light (Sze et al. 2007). To achieve this in a nanowire-based device, an intrinsic 
electric field e.g. due to a space charge region has to be present. In turn, a photocurrent is 
generated along the forward direction of the space charge region (Kittel 1995). In literature, 
the photovoltaic effect in nanowires has been investigated for a broad variety of cases as will 
be discussed in the following. 
At a metal-semiconductor interface, a space charge region may occur (Sze et al. 2007). By 
illuminating this Schottky contact, a photocurrent is generated. This photovoltaic effect has 
been observed for many different nanowires made of CdS (Gu et al. 2005), GaAs (Thunich et al. 
2009), GaN (Deb et al. 2006), Ge (Kim et al. 2010), Si (Ahn et al. 2005) and ZnO (Heo et al. 2004; 
Keem et al. 2004) contacted by metals, such as Au (Keem et al. 2004; Thunich et al. 2009), Ni 
(Ahn et al. 2005), Pt (Deb et al. 2006; Heo et al. 2004) and Ti (Gu et al. 2005). In addition, at the 
interface between a semiconductor nanowire and a zero band gap material, such as graphene, 
a photovoltaic effect can be observed and the results can be equally explained in terms of a 
Schottky barrier (Dufaux et al. 2010; Fan et al. 2011). 
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Bulk photovoltaic devices typically consist of a pn-homo-junction or hetero-junction (Sze et al. 
2007). This concept was also realized in semiconductor nanowires (Garnett et al. 2011; Peng et 
al. 2011). Due to the nanowire geometry, however, there exist several possibilities to 
implement such junctions in a nanowire device (Figure 4). One way to achieve a nanowire pn-
junction is to deposit a p-type nanowire on a crossing n-type nanowire (Figure 4a) (Cui 2001; 
Duan et al. 2001; Hayden et al. 2006). Further possibilities are photovoltaic devices made out 
of radial (Figure 4b) (Christesen et al. 2012; Czaban et al. 2009; Dong et al. 2009; Garnett et al. 
2008; Krogstrup et al. 2013; Mariani et al. 2011; Tang et al. 2011; Tian et al. 2007; Wang et al. 
2010) or axial (Figure 4c) (Christesen et al. 2012; Guo et al. 2010; Heurlin et al. 2011; Kempa et 
al. 2008; Li et al. 2009; Lin et al. 2011; Reimer 2011; Sivakov et al. 2009) pn-junctions within the 
nanowires. Moreover, p-doped (n-doped) substrates with n-doped (p-doped) nanowires grown 
on top can also exhibit a photovoltaic effect (Figure 4d) (Garnett et al. 2010; Peng et al. 2005; 
Stelzner et al. 2008; Tang et al. 2008; Wei et al. 2009). For n-type ZnO nanowires combined 
with p-type CdSe (Leschkies et al. 2007) or CuO2 (Yuhas et al. 2009) nanoparticles, photovoltaic 
effects have been reported. Moreover, solar cells have also been built by embedding an n-type 
nanowire array in a thin film of a p-type semiconductor (Bie et al. 2010; Fan et al. 2009; Lévy-
Clément et al. 2005).  
Last but not least, bending a nanowire induces mechanical strain which causes internal electric 
fields. Hereby, photogenerated electrons and holes are seperated (Greil et al. 2014; Wu et al. 
2009). Such a strain-induced photovoltaic effect was observed in Ge nanowires (Greil et al. 
2014). 
The photovoltaic effect can generate photocurrents on different timescales. On short 
timescales, in the first picoseconds after a pulsed laser excitation, the generation of additional 
charge carriers may cause a displacement current by which electric fields are screened. On 
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timescales of picoseconds up to nanoseconds, the photocurrents can be dominated by the drift 
current of slow photogenerated charge carriers, such as holes, and the carrier life-time limited 
current (Erhard et al. 2013; Prechtel et al. 2012a). All these currents are related to electric fields 
within a nanowire. 
3.2. Photo-thermoelectric effect 
The photo-thermoelectric effect is due to a local increase of the electron temperature induced 
by the laser illumination (Fu et al. 2011). A temperature difference Δ𝑇 at the interface of a 
nanowire and a second material, e.g. a metal contact, may result in a thermoelectric current:  
𝐼Thermo = (𝑆nanowire − 𝑆contact)Δ𝑇/𝑅, 
with the Seebeck coefficients of the nanowire 𝑆nanowire and the metal contact 𝑆contact and 𝑅 
the total resistance of the electrical circuit (Fu et al. 2011; Prechtel et al. 2012a; Varghese et 
al.). So far, the photo-thermoelectric effect has been observed in GaAs- (Prechtel et al. 2012a), 
InAs- (Erhard et al. 2013) and VO2-based (Varghese et al.) nanowires with typical relaxation 
times below 10 ps (Erhard et al. 2013; Prechtel et al. 2012a). The contribution of the photo-
thermoelectric current to the total photocurrent is often negligible, because the typical laser 
illumination intensities for photocurrent measurements raise the local temperature only by one 
tenths to a few Kelvin and typical Seebeck coefficients are of the order µV/K (Ahn et al. 2005; 
Fu et al. 2011). The photo-thermoelectric effect must not be confused with the bolometric 
effect (see section 3.3.4). 
3.3. Photoconductance effects 
As nanowires have a large surface-to-volume ratio, they are very sensitive to surface effects, 
such as the Fermi-level pinning leading to an accumulation or depletion layer at the nanowire 
surface (Hasegawa et al. 2002). The latter may induce a photoconductive gain (Ahmad et al. 
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2012; Ahn et al. 2007; Calarco et al. 2005; Chen et al. 2011; González-Posada et al. 2012; Hof 
et al. 2008; Kim et al. 2010; Polenta et al. 2008; Rossler et al. 2008; Sanford et al. 2010; Thunich 
et al. 2009; Zhai et al. 2010), a photodesorption effect (Calarco et al. 2011; den Hertog, M. I. et 
al. 2012; Harnack et al. 2003; Hsu et al. 2005; Huang et al. 2010; Hullavarad et al. 2009; Kind et 
al. 2002; Li et al. 2005; Pfüller et al. 2010; Prades et al. 2008; Soci et al. 2007; Suehiro et al. 
2006) or even a persistent photoconductance (Ahmad et al. 2012; Calarco et al. 2005; Chen et 
al. 2011; González-Posada et al. 2012; Polenta et al. 2008; Rasool et al. 2012; Sanford et al. 
2010; Winkelmann et al. 2007; Zhai et al. 2010). Furthermore, the temperature dependence of 
the conductivity may lead to a bolometric photoconductance effect (Tilke et al. 2003).  
3.3.1. Photoconductive gain effect 
As atoms at the crystal surface lack neighbors, surface reconstruction or adsorption of foreign 
atoms (see section 3.3.2) may occur. Hereby, new states at the surface are formed, which can 
lead to a Fermi-level pinning and a surface band bending (Ashcroft et al. 1987; Hasegawa et al. 
2002; Spicer et al. 1979). The intrinsic electric field of the surface band bending points 
perpendicular to the nanowire axis. However, it can contribute two-fold to the photoresponse 
of nanowires: (i) for an up-bending (down-bending) at the surface, photogenerated holes 
(Rossler et al. 2008) (electrons) (Kim et al. 2010; Thunich et al. 2009) are trapped at the surface 
acting as a positive (negative) gate charge. In turn, the conducting part of the nanowire is 
increased (Thunich et al. 2009). This effect is sometimes called photogating effect. (ii) The 
photogenerated electrons (Ahmad et al. 2012; Ahn et al. 2007; Calarco et al. 2005; Rossler et 
al. 2008) (holes) (Kim et al. 2010; Thunich et al. 2009) increase the density of free charge 
carriers in the nanowire core which is called photodoping effect. The photogating effect was 
reported for GaAs- (Rossler et al. 2008; Thunich et al. 2009) and Ge-based (Kim et al. 2010) 
nanowires, the photodoping effect for GaAs- (Rossler et al. 2008; Thunich et al. 2009), Ge- (Ahn 
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et al. 2007; Kim et al. 2010), GaN- (Calarco et al. 2005; Chen et al. 2011; González-Posada et al. 
2012; Polenta et al. 2008; Sanford et al. 2010), InSe- (Zhai et al. 2010) and Si-based (Ahmad et 
al. 2012) nanowires. However, photogating and photodoping are interconnected to each other, 
because an interband excitation always generates electrons and holes in the nanowire. 
3.3.2. Photodesorption effect 
Photodesorption of chemisorbed or physisorbed foreign atoms can influence the conductivity 
of a nanowire as well (Figure 5). This photoconductance effect was observed in n-type 
semiconductor nanowires for chemisorbed oxygen (Harnack et al. 2003; Hsu et al. 2005; 
Hullavarad et al. 2009; Keem et al. 2004; Kind et al. 2002; Lee et al. 2004; Li et al. 2005; Prades 
et al. 2008; Suehiro et al. 2006; Yoon et al. 2010). In the dark, oxygen adsorbs at the nanowire 
surface by capturing free electrons: 𝑂2(𝑔) + 𝑒
− → 𝑂2
−(𝑎𝑑) (Kind et al. 2002; Melnick 1957), 
which creates a bend bending upwards near the nanowire surface. In turn, a depletion layer is 
formed with low conductivity (Kind et al. 2002; Li et al. 2005; Soci et al. 2007). Exposing the 
nanowire to light may lead to photogenerated holes which migrate to the surface and discharge 
the adsorbed oxygen: 𝑂2
−(𝑎𝑑) + ℎ+ → 𝑂2(𝑔) (Kind et al. 2002; Melnick 1957) (Figure 5a).  
In literature two processes are reported. (i) For photons with an energy higher than the band 
gap of the nanowire, the remaining photogenerated electrons increase the conductivity of the 
nanowire core (Figure 5a) (Harnack et al. 2003; Hsu et al. 2005; Keem et al. 2004; Kind et al. 
2002; Lee et al. 2004; Li et al. 2005; Soci et al. 2007; Yoon et al. 2010). The increased electron 
density may also reduce the width and height of Schottky barriers (Keem et al. 2004). (ii) For 
photons with an energy smaller than the band gap of the nanowire, electrons trapped at defect 
states related to the adsorbed oxygen are photoexcited to the conduction band. Hereby, the 
density of free charge carriers increases and the potential barriers are reduced (Figure 5b) 
(Keem et al. 2004; Li et al. 2005). 
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The photodesorption effect of oxygen has been shown for ZnO (Harnack et al. 2003; Hsu et al. 
2005; Hullavarad et al. 2009; Kind et al. 2002; Li et al. 2005; Prades et al. 2008; Soci et al. 2007; 
Suehiro et al. 2006) , SnO2 (Lee et al. 2004),  CdSe (Yoon et al. 2010), ZnSe (Yoon et al. 2010), 
WO3 (Huang et al. 2010)  and GaN nanowires (Calarco et al. 2011; den Hertog, M. I. et al. 2012; 
Pfüller et al. 2010). In p-type ferroelectric semiconductor nanowires of SbSI, a negative 
photoconductive effect due to water desorption was found (Nowak et al. 2014).  
3.3.3. Persistent photoconductance effects 
Persistent photoconductivity describes a class of transport phenomena that prevail on a 
timescale of seconds to hours. There are several processes being classified as a persistent 
photoconductivity in literature.  
(i) Surface band bending leads to a spatial separation of photogenerated holes and electrons 
(see Section 3.3.1)  and in turn, to a reduced recombination rate (Ahmad et al. 2012; Calarco 
et al. 2005; Chen et al. 2007; Chen et al. 2011; González-Posada et al. 2012; Polenta et al. 2008; 
Sanford et al. 2010). This effect sensitively depends on the nanowire diameter (Calarco et al. 
2005; Chen et al. 2011; González-Posada et al. 2012; Polenta et al. 2008)  and it has been 
observed for GaN (Calarco et al. 2005; Chen et al. 2011; González-Posada et al. 2012; Polenta 
et al. 2008; Sanford et al. 2010), InSe (Zhai et al. 2010) and Si (Ahmad et al. 2012; Rasool et al. 
2012; Winkelmann et al. 2007) nanowires. 
(ii)  Both, adsorption and desorption of molecules on a surface of the nanowire (see section 
3.3.2) are rather slow processes. The increase and decrease of the photoconductivity can occur 
on a timescale of seconds to hours depending on ambient gas conditions and materials 
(Harnack et al. 2003; Hsu et al. 2005; Hullavarad et al. 2009; Keem et al. 2004; Kind et al. 2002; 
Nowak et al. 2014; Prades et al. 2008; Soci et al. 2007; Suehiro et al. 2006; Yoon et al. 2010). 
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(iii) Defect states in the nanowire core may also lead to a persistent photoconductivity. For ZnO 
nanowires, such a phenomena was explained via oxygen vacancy states which was excited to a 
metastable charged state (Hullavarad et al. 2009; Lany et al. 2005; Prades et al. 2008; Wang et 
al. 2011). An equivalent effect was reported for other II-VI and chalcopyrite Cu-III-VI2 
semiconductors with anion vacancy states (Lany et al. 2005). In GaAs/AlGaAs nanowires with a 
Si delta-doping, deep DX centers can freeze out while capturing electrons at low temperatures 
(4.2 K) and the captured electrons can be activated via illumination leading again to a persistent 
photoconductance (Spirkoska et al. 2011).  
3.3.4. Bolometric photoconductivity 
The conductivity 𝜎 of a semiconductor is a function of temperature (Sze et al. 2007). With 
absorption of photons, hot electrons are generated which redistribute their energy via 
electron-electron scattering processes on a femto- to picosecond timescale in the electron bath 
(Elsaesser et al. 1991; Neppl et al. 1979). This leads to an increased electron temperature 𝑇𝑒𝑙 
relative to the lattice temperature 𝑇𝑙𝑎𝑡 as the direct relaxation via phonon emission is less 
efficient (Neppl et al. 1979). There are three features which are characteristic for a bolometric 
photoconductivity: (i) The bolometric effect can be enhanced if the thermal coupling to the 
environment is reduced (Henini et al. 2002; Neppl et al. 1979). (ii) Typical relaxation times from 
1 µs (Neppl et al. 1979) to 100 ms (Henini et al. 2002; Itkis 2006) are reported. (iii) The 
magnitude of the bolometric photoconductivity depends on the temperature derivative of the 
conductivity 𝑑𝜎/𝑑𝑇 (Henini et al. 2002; Itkis 2006). The bolometric effect was observed for a 
suspended Si nanowire in the Coulomb blockade regime (Tilke et al. 2003).  
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4. Absorption effects in semiconductor nanowires 
By measuring the photocurrent, one can get information about absorption effects in single 
nanowires. Krogstrup et al. showed that the absorption of a single standing nanowire is 
enhanced due to its light concentrating property (cf. Figure 6) (Krogstrup et al. 2013) whereas 
a single Si nanowire with a diameter of 900 nm lying on a substrate can exhibit a partially 
coherent thin film absorption spectrum (Kelzenberg et al. 2008). Thinner Ge nanowires (10 nm 
– 110 nm) lying on a substrate have absorption peaks due to leaky mode resonances which are 
consistent with Lorenz-Mie theory for light scattering (Cao et al. 2009).  
Because of the elongated geometry of nanowires, their absorption depends on the polarization 
of the exciting photons described by the polarization anisotropy 𝜌 = (𝐼ǁ − 𝐼⟘) (𝐼ǁ + 𝐼⟘⁄ ), with 
𝐼ǁ (𝐼⟘) the photocurrent for parallel (perpendicular) polarized light to the nanowire. 𝜌 is 
generally positive for semiconductor nanowires as polarized light parallel to the nanowire can 
be better absorbed than perpendicularly polarized light. This can be explained by the dielectric 
mismatch of the vacuum and the nanowire material (Cao et al. 2009; Wang et al. 2001). When 
the wavelength 𝜆 of the exciting light gets into the range of the nanowire diameter 𝑑 ≈ 𝜆/𝑛NW 
the effect vanishes (Persano et al. 2011) (𝑛NW the refractive index of the nanowire). The 
polarization anisotropy can also influence the all-optical quantum interference control of 
electrical currents in single GaAs nanowires (Ruppert et al. 2010). 
In addition, Fano resonances in Si nanostripe photodetectors have been investigated by 
measuring the scattering spectra (by bright- and dark field microscopy) and the absorption 
spectra (by photocurrent spectroscopy). Fan et al. found that the Fano resonance and by this 
the absorption resonance can be tuned by the nanostripe width (Fan et al. 2014). 
Moreover, the recombination time of photogenerated charge carriers in a nanowire can be 
extracted from time-resolved photocurrent spectroscopy. In p-doped GaAs nanowires a 
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recombination time of 1.5 ns was observed by THz time domain photocurrent spectroscopy 
(Prechtel et al. 2012a). This value is smaller than the 2.5 ns found by photoluminescence 
measurements (Demichel et al. 2010) as the recombination dynamics in photocurrent 
measurements is modified by the charge transport to the metal contacts (Prechtel et al. 2012a). 
 
5. Morphologies explored by photocurrent spectroscopy 
5.1. Crystal structures  
Photocurrent spectroscopy can be used to investigate the band structure of a single 
semiconductor nanowire (Chen et al. 2013). Hereby, the band gaps of several types of 
nanowires have been characterized. InP zinc blende nanowires exhibit a band gap energy about 
70 meV larger than for wurtzite nanowires at room temperature (Maharjan et al. 2009). P-
doped GaAs nanowires have a room temperature band gap of about 1.42 eV (Thunich et al. 
2009). The band gap of wurtzite InAs1-xPx nanowires for different P contents has been measured 
by photocurrent spectroscopy, showing that wurtzite InAs (InP) has a band gap of 0.54 eV (1.65 
eV) at 5 K (Trägårdh et al. 2007). 
5.2. Surfaces and Interfaces 
Photocurrents allow to probe local electric fields in the nanowires and thereby, surfaces and 
interfaces. For instance, surface band bending caused by Fermi-level pinning at the 
semiconductor surface (Sze et al. 2007) can lead to a Franz Keldysh effect (Franz 1958; Keldysh 
1958)  and by this to a sub-band gap absorption and photocurrent (cf. Figure 7). This effect is 
prominent for nanowires due to their large surface to volume ratio and it has been found for 
GaN- (Cavallini et al. 2007) and GaAs-based (Thunich et al. 2009) nanowires. Furthermore, 
photocurrent spectroscopy was used to investigate the homogeneity of nanowire surface 
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states (Cavallini et al. 2006) and the associated persistent photocurrent in GaN- (Polenta et al. 
2008) and ZnO-based (Hullavarad et al. 2009) nanowires. 
By performing spectrally resolved scanning photocurrent microscopy, characteristics of 
Schottky contacts can be investigated. Schottky barriers can be extracted by following the 
Fowler model (Fowler 1931) using light below the band gap of the semiconductor. This prevents 
band to band excitations whereas excitations of charge carriers from the metal contact over 
the Schottky barrier can still occur (Sze et al. 2007). Yoon et al. showed that the Schottky barrier 
heights for phosphorous doped Si nanowires are reduced compared to bulk Si (Yoon et al. 
2013). The advantage of the photocurrent method compared to current-voltage or capacity-
voltage measurements is that no electric bias is applied which may change the population of 
interface states (Yoon et al. 2013).   
The timescales of the underlying optoelectronic dynamics at nanowire surfaces and interfaces 
are too fast to be resolved by the conventional photocurrent spectroscopy. To this end, a time-
resolved photocurrent spectroscopy can be applied (cf. subsection 2.2.2) as was performed for 
p-doped GaAs nanowires (Prechtel et al. 2012a) and for nominally undoped InAs nanowires 
(Erhard et al. 2013). Figure 8 shows the time-resolved photocurrent measurements on a single 
InAs nanowire performed with the measurement setup depicted in Figure 3. Each trace depicts 
the sampled, time-resolved photocurrent for scanning the pump laser along the nanowire from 
one metal contact (position 1) to the opposite contact (position 11) in eleven steps. At the 
nanowire metal interfaces, a thermoelectric current is observed (triangle) which decays in the 
first 10 ps after pulsed laser excitation (position 1 and 11). The dominant photocurrent 
contribution for long timescales is the drift of photogenerated holes (arrow in Figure 8). This 
drift current peak shifts in time for scanning the pump laser along the nanowire from one 
contact (position 1) to the second contact (position 11) (cf. Figure 3 and Figure 8a). From this 
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time of flight analysis, one can deduce a hot hole drift velocity of about 3 ∙ 106 cm/s which is 
consistent with the group velocity of the photogenerated holes (Erhard et al. 2013). The current 
of the photogenerated electrons can be detected in the first picoseconds where a THz 
oscillation due to a photo-Dember effect occurs (circle in Figure 8) which can be explained by 
the larger diffusivity of the photogenerated electrons compared to the one of the holes 
(Dember 1931).  
GaAs nanowires can also exhibit a thermoelectric current if the nanowire-metal interfaces are 
nearly ohmic (Prechtel et al. 2012a). In the case of a Schottky contact, an ultrafast displacement 
current can occur with a full width of half maximum of 1.5 ps (Prechtel et al. 2012a).  
5.3. Radial geometries 
Recently, GaAs/AlGaAs core-shell nanowires have been increasingly investigated by 
photocurrent measurements as the AlGaAs shell reduces the Fermi-level pinning at the 
nanowire surface (Chang et al. 2012; Demichel et al. 2010; Parkinson et al. 2009; Rudolph et al. 
2013). Additionally, the AlGaAs shell influences the polarization dependence since the material 
changes the dielectric confinement. The polarization anisotropy 𝜌 (cf. section 4) is larger for 
photon energies where only the GaAs core is excited compared to the case where the nanowire 
core and shell is excited (Persano et al. 2011).  Kim et al. studied 𝜌 for excitation close to the 
GaAs core band gap. They found four different regions for 𝜌 in wurtzite GaAs/AlGaAs core-shell 
nanowires (Figure 9): (1) For excitation below the band gap of GaAs, photocurrents are 
dominated by defect states (Urbach tail) and the polarization anisotropy is positive due to 
dielectric mismatch (cf. section 4). (2) Near the band gap the Franz Keldysh effect becomes 
more pronounced and the polarization anisotropy is negative as it is dominated by the optical 
selection rules of the involved bands. (3)  For higher photon energies, band to band transitions 
dominate the photocurrent and the dielectric mismatch leads to a positive polarization 
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anisotropy (Kim et al. 2013). For low temperatures, the optical selection rules of the Franz 
Keldysh effect were used to determine the valence band splitting between heavy hole and light 
hole to be in the range of 90 meV (Kim et al. 2013). Combining photocurrent spectroscopy and 
photoluminescence measurements on GaAs/AlGaAs core shell nanowires, Chen et al. derived 
the band edge discontinuity in the conduction band Δ𝐸𝐶  between the GaAs core and the AlxGa1-
xAs shell for different 𝑥, varying from about 0.17 meV for 𝑥 = 0.24 to about 0.28 meV for a 
pure AlAs shell (Chen et al. 2013). 
 
5.4. Axial geometries 
Axial hetero-junction nanowires have the advantage that they can serve as a building block for 
multi-junction solar cells (Yao et al. 2014). Recently, Yao et al. reported an efficiency of 7.58% 
for GaAs-nanowire array solar cells by optimizing the array structure. A pin-junction close to 
the nanowire tip was observed to be favorable, as the carrier generation hot spot is located 
close to the nanowire tip due to the high absorption coefficient of GaAs. For higher photon 
energies, the surface recombination of the photogenerated charge carriers is enhanced 
resulting in a smaller external quantum efficiency for short wavelengths (Yao et al. 2014). 
Moreover, zero dimensional quantum confined structures have been realized in axial 
geometries affecting the optical and the transport properties of a nanowire. Both can be 
investigated by photocurrent spectroscopy. This has been done for avalanche photodiodes 
consisting of an InP nanowire with a single quantum dot in the axial pn-junction (Figure 10). 
The photocurrent spectra in Figure 10c give evidence of the s, p and d-shell of the quantum 
dot, allowing to electrically detect a single exciton in a nanowire-based quantum dot (Bulgarini 
et al. 2012). 
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Rigutti et al. showed that the photocurrent to dark current ratio can be enhanced by 
introducing AlN quantum disks into a GaN nanowire. On the one hand, the introduced axial 
quantum disc heterostructure acts as a barrier for the dark current. On the other hand, 
piezoelectric fields support the extraction of photogenerated charge carriers from the quantum 
discs due to quantum confined stark effect (Rigutti et al. 2010).  
5.5. Nanowire hybrid structures 
For some applications, it can be beneficial to use a hybrid structure consisting of semiconductor 
nanowires and a second material. Over the last years, many hybrid structures have been 
introduced and investigated with regard to photovoltaic devices. The large interface in the 
nanowire hybrid structures is exploited for efficient separation of photogenerated electrons 
and holes. At the same time, the nanowires act as a good transport channels for 
photogenerated charge carriers to the electrodes (Leschkies et al. 2007; Ren et al. 2011; Shiu 
et al. 2010; Unalan et al. 2008). Leschkies et al. showed that the combination of ZnO nanowires 
with CdSe (Leschkies et al. 2007) or PdSe (Leschkies et al. 2009) quantum dots (nanoparticles) 
extends the device absorption and enhances the photon-to-current conversion efficiency.  
Hereby, the photogenerated electrons in the quantum dot are efficiently extracted and 
transported to the electrodes by the ZnO nanowires (Leschkies et al. 2007). A similar behavior 
was observed for nanowires combined with organic materials such as polymers (Ren et al. 2011; 
Shiu et al. 2010). Exploiting the fact that ZnO nanowires can be grown on single-walled carbon 
nanotube films, semiconductor nanowires are candidates for flexible photovoltaic devices 
(Unalan et al. 2008). Functionalizing nanowire surfaces with molecules may lead to new sensor 
applications. For example, a Si nanowire field effect transistor coated with porphyrin molecules 
enables the photoinduced electron transfer from the porphyrin to the nanowire as in artificial 
eyes (Winkelmann et al. 2007).  In addition, a nanowire can act as a near-field detector of 
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optical plasmons. By performing polarization dependent photocurrent measurements, this was 
shown for an Ag nanowire crossing an electrically contacted Ge nanowire. Here, one uses the 
fact that a surface plasmon polariton in an Ag nanowire can generate electron hole pairs in a 
Ge nanowire (Falk et al. 2009). 
6. Conclusion and Future trends 
Semiconductor nanowires have unique absorption and photocurrent characteristics due to 
their geometry. Therefore, nanowires are good candidates for many future applications. The 
enhanced absorption in nanowires, the ability to build radial or axial pn-junctions, and the 
possibility to combine them with organic and nanoparticle solar cells may help to build cost-
effective photovoltaic devices above the Shockley-Queisser limit. The capability to generate 
(Erhard et al. 2013; Seletskiy et al. 2011) and detect (Vitiello et al. 2012) THz radiation in 
nanowires makes them interesting for THz applications. Furthermore, nanowires are a possible 
building block for integrated photonic circuits as one can build LEDs or photodiodes based on 
a single nanowire  (Tchernycheva et al. 2014). Nanowires exhibit a fast photoresponse down to 
the picosecond regime and they allow detecting single exciton states in quantum dots which 
can be exploited in future quantum technologies (Bulgarini et al. 2012). The small size and the 
principally small power consumption of nanowires makes it feasible to build devices which can 
be embedded in everyday life objects such as wrist watches or cell phones (Yang et al. 2010). 
To make this all come true, further improvement of the nanowire material and the nanowire 
device performance has to be achieved. Photocurrent measurements help to characterize and 
understand the nanowire devices and to identify future device geometries and applications. 
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7. Sources for further information 
A summary regarding the optimization of nanowire photovoltaic devices can be found in 
(Garnett et al. 2011). Measurements with respect to photovoltaic performance on a single 
nanowire device are reviewed in (Tian et al. 2008). Further information about nanowire solar 
cells and thermoelectric devices can be found in (Hochbaum et al. 2010). Nanowire properties 
and devices with respect to photodetection applications are discussed in (Soci et al. 2010; VJ et 
al. 2011). Nanowire photodetectors and photovoltaic devices are reviewed together with other 
photonic nanowire devices in (Li et al. 2006; Yan et al. 2009). Further information about 
ultrafast carrier dynamics in semiconductor nanostructures can be found in (Shah 1996).  
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List of figure captions 
 
Figure 1   
Characteristic timescales of photocurrent and photoconductance phenomena in 
semiconductor nanowires ranging from picoseconds to 1000s of seconds. 
 
Figure 2  
Experimental setup to measure the photocurrent autocorrelation. A laser beam with laser 
pulses in the femtosecond regime is split into a pump and a probe pulse and they are 
subsequently recombined by a beam splitter (BS)  (Erhard et al. 2013; Gabor et al. 2012; Urich 
et al. 2011). The time-delay between the pump and the probe pulse is adjusted by a translation 
stage in one of the two beam paths. Both laser beams are focused onto the electrically 
contacted nanowire, and the photocurrent is measured as a function of the time delay. 
 
Figure 3  
Experimental setup for a THz time-domain photocurrent spectroscopy on a single 
semiconductor nanowire. Inset: optical microscope image of an InAs nanowire. Scale bar 4 µm. 
See text for further information. (Erhard et al. 2013) © 2012 by Wiley-VCH Verlag GmbH & Co. 
KGaA, Weinheim 
 
Figure 4  
Nanowire geometries for homo- and hetero-junctions. a) Scanning electron microscope (SEM) 
image of a p-doped InP nanowire crossing an n-doped InP nanowire. Scale bar 2 µm. Reprinted 
by permission from Macmillan Publishers Ltd: Nature (Duan et al. 2001), copyright 2001. b) 
SEM image of a radial p(i)n-junction within a nanowire. Scale bar 100 nm. Reprinted by 
permission from Macmillan Publishers Ltd: Nature (Tian et al. 2007), copyright 2007. c) 
Schematic illustration of an axial p(i)n-junction nanowire. Reprinted with permission from 
(Kempa et al. 2008), copyright 2008 American Chemical Society. d) Schematic illustration of an 
nanowire-substrate junction.   
 
Figure 5  
Schematic energy band diagram illustrating the photodesorption effect for illumination with 
photons having an energy a) higher and b) lower than the band gap energy. The band bending 
upwards at the nanowire surface is due to oxygen adsorption (negatively charged ions). 
Reprinted with permission from (Li et al. 2005). Copyright 2005, AIP Publishing LLC. 
 
Figure 6  
Schematic illustration of the device geometry to measure the photocurrent of a single nanowire 
a) standing and b) lying on a SiOx/Si substrate. c) The external quantum efficiency (EQE) for a 
lying nanowire (horizontal) and a standing nanowire (vertical). a) and c) Reprinted by 
permission from Macmillan Publishers Ltd: Nature Photonics (Krogstrup et al. 2013), copyright 
2013. b) Reprinted by permission from Macmillan Publishers Ltd: Nature Materials (Cao et al. 
2009), copyright 2009. 
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Figure 7  
a) SEM image of a p-doped GaAs nanowire bridging two gold electrodes. b) Corresponding 
spatially resolved photocurrent map (V = +1 V, T = 296 K, λ = 780 nm, ILaser  = 60 W/cm2). c) 
Photocurrent IPhoto as a function of excitation energy EPhoton for Position I (circles) and II 
(squares) in a). Dashed line indicates the band gap of the GaAs nanowire (V = -1 V, T = 296 K, 
ILaser  = 100 W/cm2). Reprinted with permission from (Thunich et al. 2009). Copyright 2009, AIP 
Publishing LLC. 
 
Figure 8  
Time-resolved photocurrent ISampling for different pump laser positions along a single InAs-
nanowire scanning the pump laser from one contact to the other (cf. inset Figure 3). Lines are 
fits to the data (Erhard et al. 2013). All data have an artificial offset for clarity. (λ = 780 nm, PPump 
= 6.4 kW/cm2, PProbe = 3.2 MW/cm2, TBath = 77 K) (Erhard et al. 2013) © 2012 by Wiley-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 
 
Figure 9  
a) SEM image of a GaAs/AlGaAs core-shell nanowire before (top) and after the fabrication of 
gold contacts. Scale bar 1 µm. b) Photocurrent IPC and polarization anisotropy 𝜌 as a function 
of excitation energy E. Inset: Photocurrent IPC for a single wurtzite GaAs nanowire without shell. 
(V = 5 V, room temperature, P = 45 µW) Reprinted with permission from (Kim et al. 2013). 
Copyright 2013, AIP Publishing LLC. 
 
Figure 10  
a) SEM image of the investigated InP nanowire device. Scale bar 1 µm. b) Schematics of carrier 
multiplication starting from an exciton generated in a nanowire QD, followed by tunneling in 
the nanowire avalanche region. c) Photocurrent spectroscopy at Vsd = -2 V with 1 µW (InP data) 
and 20 µW (QD data) excitation powers. Band-edge absorption in the nanowire is observed 
around 825 nm. Absorption in the QD s-, p- and d-shells is observed at longer wavelengths. 
Reprinted by permission from Macmillan Publishers Ltd: Nature Photonics (Bulgarini et al. 
2012), copyright 2012. 
  
23 
 
References 
Ahmad, M.; Rasool, K.; Rafiq, M.A.; Hasan, M.M. Enhanced and persistent photoconductivity in 
vertical silicon nanowires and ZnS nanoparticles hybrid devices. Appl. Phys. Lett. 2012; 101:223103. 
10.1063/1.4768784. 
Ahn, H.; Yu, C.-C.; Yu, P.; Tang, J.; Hong, Y.-L.; Gwo, S. Carrier dynamics in InN nanorod arrays. Optics 
Express 2012; 20:769–775. 
10.1364/OE.20.000769. 
Ahn, Y.; Dunning, J.; Park, J. Scanning Photocurrent Imaging and Electronic Band Studies in Silicon 
Nanowire Field Effect Transistors. Nano Lett. 2005; 5:1367–1370. 
10.1021/nl050631x. 
Ahn, Y.H.; Park, J. Efficient visible light detection using individual germanium nanowire field effect 
transistors. Appl. Phys. Lett. 2007; 91:162102. 
10.1063/1.2799253. 
Ashcroft, N.W.; Mermin, N.D. Solid state physics: Philadelphia, Saunders College 1987. 
Auston, D.H. Impulse Response of Photoconductors in Transmission Lines. IEEE Journal of Quantum 
Electronics 1983; 19:639–648. 
10.1109/JQE.1983.1071904. 
Bennett, L.H. Electronic Density of States: Washingtion D.C., National Bureau of Standards 1971. 
Bie, Y.-Q.; Liao, Z.-M.; Wang, P.-W.; Zhou, Y.-B.; Han, X.-B.; Ye, Y.; Zhao, Q.; Wu, X.-S.; Dai, L.; Xu, J.; 
Sang, L.-W.; Deng, J.-J.; Laurent, K.; Leprince-Wang, Y.; Yu, D.-P. Single ZnO Nanowire/p-type GaN 
Heterojunctions for Photovoltaic Devices and UV Light-Emitting Diodes. Adv. Mater. 2010; 22:4284–
4287. 
10.1002/adma.201000985. 
Bulgarini, G.; Reimer, M.E.; Hocevar, M.; Bakkers, E.P. A. M.; Kouwenhoven, L.P.; Zwiller, V. 
Avalanche amplification of a single exciton in a semiconductor nanowire. Nature Photon 2012; 
6:455–458. 
10.1038/NPHOTON.2012.110. 
Calarco, R.; Marso, M.; Richter, T.; Aykanat, A.I.; Meijers, R.; v.d. Hart, A.; Stoica, T.; Lüth, H. Size-
dependent Photoconductivity in MBE-Grown GaN−Nanowires. Nano Lett. 2005; 5:981–984. 
10.1021/nl0500306. 
Calarco, R.; Stoica, T.; Brandt, O.; Geelhaar, L. Surface-induced effects in GaN nanowires. J. Mater. 
Res. 2011; 26:2157–2168. 
10.1557/jmr.2011.211. 
Cao, L.; White, J.S.; Park, J.-S.; Schuller, J.A.; Clemens, B.M.; Brongersma, M.L. Engineering light 
absorption in semiconductor nanowire devices. Nat Mater 2009; 8:643–647. 
10.1038/NMAT2477. 
Cavallini, A.; Polenta, L.; Rossi, M.; Richter, T.; Marso, M.; Meijers, R.; Calarco, R.; Lüth, H. Defect 
Distribution along Single GaN Nanowhiskers. Nano Lett. 2006; 6:1548–1551. 
10.1021/nl060332n. 
Cavallini, A.; Polenta, L.; Rossi, M.; Stoica, T.; Calarco, R.; Meijers, R.J.; Richter, T.; Lüth, H. 
Franz−Keldysh Effect in GaN Nanowires. Nano Lett. 2007; 7:2166–2170. 
10.1021/nl070954o. 
24 
 
Chang, C.-C.; Chi, C.-Y.; Yao, M.; Huang, N.; Chen, C.-C.; Theiss, J.; Bushmaker, A.W.; LaLumondiere, 
S.; Yeh, T.-W.; Povinelli, M.L.; Zhou, C.; Dapkus, P.Daniel; Cronin, S.B. Electrical and Optical 
Characterization of Surface Passivation in GaAs Nanowires. Nano Lett. 2012; 12:4484–4489. 
10.1021/nl301391h. 
Chen, G.; Sun, G.; Ding, Y.J.; Prete, P.; Miccoli, I.; Lovergine, N.; Shtrikman, H.; Kung, P.; Livneh, T.; 
Spanier, J.E. Direct Measurement of Band Edge Discontinuity in Individual Core–Shell Nanowires by 
Photocurrent Spectroscopy. Nano Lett. 2013; 13:4152–4157. 
10.1021/nl401737u. 
Chen, H.-Y.; Chen, R.-S.; Rajan, N.K.; Chang, F.-C.; Chen, L.-C.; Chen, K.-H.; Yang, Y.-J.; Reed, M.A. Size-
dependent persistent photocurrent and surface band bending in m-axial GaN nanowires. Phys. Rev. B 
2011; 84:205443. 
10.1103/PhysRevB.84.205443. 
Chen, R.-S.; Chen, H.-Y.; Lu, C.-Y.; Chen, K.-H.; Chen, C.-P.; Chen, L.-C.; Yang, Y.-J. Ultrahigh 
photocurrent gain in m-axial GaN nanowires. Appl. Phys. Lett. 2007; 91:223106. 
10.1063/1.2817595. 
Christesen, J.D.; Zhang, X.; Pinion, C.W.; Celano, T.A.; Flynn, C.J.; Cahoon, J.F. Design Principles for 
Photovoltaic Devices Based on Si Nanowires with Axial or Radial p–n Junctions. Nano Lett. 2012; 
12:6024–6029. 
10.1021/nl303610m. 
Cui, Y. Functional Nanoscale Electronic Devices Assembled Using Silicon Nanowire Building Blocks. 
Science 2001; 291:851–853. 
10.1126/science.291.5505.851. 
Czaban, J.A.; Thompson, D.A.; LaPierre, R.R. GaAs Core−Shell Nanowires for Photovoltaic 
Applications. Nano Lett. 2009; 9:148–154. 
10.1021/nl802700u. 
Deb, P.; Kim, H.; Qin, Y.; Lahiji, R.; Oliver, M.; Reifenberger, R.; Sands, T. GaN Nanorod Schottky and 
p−n Junction Diodes. Nano Lett. 2006; 6:2893–2898. 
10.1021/nl062152j. 
Dember, H. Über die photoelektronische Kraft in Kupferoxydul-Kristallen. Phys. Z. 1931; 32:554. 
Demichel, O.; Heiss, M.; Bleuse, J.; Mariette, H.; Fontcuberta i Morral, A. Impact of surfaces on the 
optical properties of GaAs nanowires. Appl. Phys. Lett. 2010; 97:201907. 
10.1063/1.3519980. 
den Hertog, M. I.; González-Posada, F.; Songmuang, R.; Rouviere, J.L.; Fournier, T.; Fernandez, B.; 
Monroy, E. Correlation of Polarity and Crystal Structure with Optoelectronic and Transport Properties 
of GaN/AlN/GaN Nanowire Sensors. Nano Lett. 2012; 12:5691–5696. 
10.1021/nl302890f. 
Doany, F.E.; Grischkowsky, D.; Chi, C.-C. Carrier lifetime versus ion-implantation dose in silicon on 
saphhire. Appl. Phys. Lett. 1987; 50:460–462. 
10.1063/1.98173. 
Dong, Y.; Tian, B.; Kempa, T.J.; Lieber, C.M. Coaxial Group III−Nitride Nanowire Photovoltaics. Nano 
Lett. 2009; 9:2183–2187. 
10.1021/nl900858v. 
25 
 
Duan, X.; Huang, Y.; Cui, Y.; Wang, J.; Lieber, C.M. Indium phosphide nanowires as building blocks for 
nanoscale electronic and optoelectronic devices. Nature 2001; 409:66. 
10.1038/35051047. 
Dufaux, T.; Boettcher, J.; Burghard, M.; Kern, K. Photocurrent Distribution in Graphene-CdS Nanowire 
Devices. Small 2010; 6:1868–1872. 
10.1002/smll.201000950. 
Dunn, P.C. Gateways Into Electronics: New York, John Wiley & Sons, Inc. 2000. 
Elsaesser, T.; Shah, J. Initial Thermalization of photoexcited carriers in GaAs studied by femtosecond 
luminescence spectroscopy. Phys. Rev. Lett. 1991; 66:1757–1760. 
10.1103/PhysRevLett.66.1757. 
Erhard, N.; Seifert, P.; Prechtel, L.; Hertenberger, S.; Karl, H.; Abstreiter, G.; Koblmüller, G.; Holleitner, 
A.W. Ultrafast photocurrents and THz generation in single InAs-nanowires. Ann. Phys. 2013; 
525:180–188. 
10.1002/andp.201200181. 
Falk, A.L.; Koppens, Frank H. L.; Yu, C.L.; Kang, K.; de Leon Snapp, Nathalie; Akimov, A.V.; Jo, M.-H.; 
Lukin, M.D.; Park, H. Near-field electrical detection of optical plasmons and single-plasmon sources. 
Nat Phys 2009; 5:475–479. 
10.1038/NPHYS1284. 
Fan, G.; Zhu, H.; Wang, K.; Wei, J.; Li, X.; Shu, Q.; Guo, N.; Wu, D. Graphene/Silicon Nanowire 
Schottky Junction for Enhanced Light Harvesting. ACS Appl. Mater. Interfaces 2011; 3:721–725. 
10.1021/am1010354. 
Fan, P.; Yu, Z.; Fan, S.; Brongersma, M.L. Optical Fano resonance of an individual semiconductor 
nanostructure. Nat Mater 2014; 13:471–475. 
10.1038/NMAT3927. 
Fan, Z.; Razavi, H.; Do, J.-w.; Moriwaki, A.; Ergen, O.; Chueh, Y.-L.; Leu, P.W.; Ho, J.C.; Takahashi, T.; 
Reichertz, L.A.; Neale, S.; Yu, K.; Wu, M.; Ager, J.W.; Javey, A. Three-dimensional nanopillar-array 
photovoltaics on low-cost and flexible substrates. Nat Mater 2009; 8:648–653. 
10.1038/NMAT2493. 
Fowler, R. The Analysis of Photoelectric Sensitivity Curves for Clean Metals at Various Temperatures. 
Phys. Rev. 1931; 38:45–56. 
10.1103/PhysRev.38.45. 
Franz, W. Einfluss eines elektrischen Feldes auf eine optische Absorptionskante. J. Naturforsch. 1958; 
13:484–491. 
Fu, D.; Zou, J.; Wang, K.; Zhang, R.; Yu, D.; Wu, J. Electrothermal Dynamics of Semiconductor 
Nanowires under Local Carrier Modulation. Nano Lett. 2011; 11:3809–3815. 
10.1021/nl2018806. 
Gabor, N.M.; Zhong, Z.; Bosnick, K.; McEuen, P.L. Ultrafast Photocurrent Measurement of the Escape 
Time of Electrons and Holes from Carbon Nanotube p-i-n Photodiodes. Phys. Rev. Lett. 2012; 
108:87404. 
10.1103/PhysRevLett.108.087404. 
Gabriel, M.M.; Kirschbrown, J.R.; Christesen, J.D.; Pinion, C.W.; Zigler, D.F.; Grumstrup, E.M.; Mehl, 
B.P.; Cating, E.E. M.; Cahoon, J.F.; Papanikolas, J.M. Direct Imaging of Free Carrier and Trap Carrier 
Motion in Silicon Nanowires by Spatially-Separated Femtosecond Pump–Probe Microscopy. Nano 
26 
 
Lett. 2013; 13:1336–1340. 
10.1021/nl400265b. 
Gallo, E.M.; Chen, G.; Currie, M.; McGuckin, T.; Prete, P.; Lovergine, N.; Nabet, B.; Spanier, J.E. 
Picosecond response times in GaAs/AlGaAs core/shell nanowire-based photodetectors. Appl. Phys. 
Lett. 2011; 98:241113. 
10.1063/1.3600061. 
Garnett, E.; Yang, P. Light Trapping in Silicon Nanowire Solar Cells. Nano Lett. 2010; 10:1082–1087. 
10.1021/nl100161z. 
Garnett, E.C.; Brongersma, M.L.; Cui, Y.; McGehee, M.D. Nanowire Solar Cells. Annu. Rev. Mater. Res. 
2011; 41:269–295. 
10.1146/annurev-matsci-062910-100434. 
Garnett, E.C.; Yang, P. Silicon Nanowire Radial p−n Junction Solar Cells. J. Am. Chem. Soc. 2008; 
130:9224–9225. 
10.1021/ja8032907. 
González-Posada, F.; Songmuang, R.; Den Hertog, M.; Monroy, E. Room-Temperature Photodetection 
Dynamics of Single GaN Nanowires. Nano Lett. 2012; 12:172–176. 
10.1021/nl2032684. 
Greil, J.; Birner, S.; Bertagnolli, E.; Lugstein, A. Nanowires enabling strained photovoltaics. Appl. Phys. 
Lett. 2014; 104:163901. 
10.1063/1.4871458. 
Gu, Y.; Kwak, E.-S.; Lensch, J.L.; Allen, J.E.; Odom, T.W.; Lauhon, L.J. Near-field scanning photocurrent 
microscopy of a nanowire photodetector. Appl. Phys. Lett. 2005; 87:43111. 
10.1063/1.1996851. 
Guo, Y.; Zhang, Y.; Liu, H.; Lai, S.-W.; Li, Y.; Li, Y.; Hu, W.; Wang, S.; Che, C.-M.; Zhu, D. Assembled 
Organic/Inorganic p−n Junction Interface and Photovoltaic Cell on a Single Nanowire. J. Phys. Chem. 
Lett. 2010; 1:327–330. 
10.1021/jz9002058. 
Harnack, O.; Pacholski, C.; Weller, H.; Yasuda, A.; Wessels, J.M. Rectifying Behavior of Electrically 
Aligned ZnO Nanorods. Nano Lett. 2003; 3:1097–1101. 
10.1021/nl034240z. 
Hasegawa, S.; Grey, F. Electronic transport at semiconductor surfaces – from point-contact transistor 
to micro-four-point probes. Surface Science 2002; 500:84–104. 
10.1016/S0039-6028(01)01533-3. 
Hayden, O.; Agarwal, R.; Lieber, C.M. Nanoscale avalanche photodiodes for highly sensitive and 
spatially resolved photon detection. Nat Mater 2006; 5:352–356. 
10.1038/nmat1635. 
Henini, M.; Razeghi, M. Handbook of Infrared Detection Technologies: Oxford, UK, Elsevier Science 
Ltd. 2002. 
Heo, Y.W.; Tien, L.C.; Norton, D.P.; Pearton, S.J.; Kang, B.S.; Ren, F.; LaRoche, J.R. Pt∕ZnO nanowire 
Schottky diodes. Appl. Phys. Lett. 2004; 85:3107–3109. 
10.1063/1.1802372. 
27 
 
Heurlin, M.; Wickert, P.; Fält, S.; Borgström, M.T.; Deppert, K.; Samuelson, L.; Magnusson, M.H. Axial 
InP Nanowire Tandem Junction Grown on a Silicon Substrate. Nano Lett. 2011; 11:2028–2031. 
10.1021/nl2004219. 
Hochbaum, A.I.; Yang, P. Semiconductor Nanowires for Energy Conversion. Chem. Rev. 2010; 
110:527–546. 
10.1021/cr900075v. 
Hof, K.-D.; Rossler, C.; Manus, S.; Kotthaus, J.; Holleitner, A.; Schuh, D.; Wegscheider, W. Dynamic 
photoconductive gain effect in shallow-etched AlGaAs/GaAs quantum wires. Phys. Rev. B 2008; 
78:115325. 
10.1103/PhysRevB.78.115325. 
Hsu, C.-L.; Chang, S.-J.; Lin, Y.-R.; Li, P.-C.; Lin, T.-S.; Tsai, S.-Y.; Lu, T.-H.; Chen, I.-C. Ultraviolet 
photodetectors with low temperature synthesized vertical ZnO nanowires. Chem. Phys. Lett. 2005; 
416:75–78. 
10.1016/j.cplett.2005.09.066. 
Huang, K.; Zhang, Q. Giant Persistent Photoconductivity of the WO3 Nanowires in Vacuum Condition. 
Nanoscale Res Lett 2010; 6:52. 
10.1007/s11671-010-9800-1. 
Hullavarad, S.; Hullavarad, N.; Look, D.; Claflin, B. Persistent Photoconductivity Studies in 
Nanostructured ZnO UV Sensors. Nanoscale Res Lett 2009; 4:1421–1427. 
10.1007/s11671-009-9414-7. 
Itkis, M.E. Bolometric Infrared Photoresponse of Suspended Single-Walled Carbon Nanotube Films. 
Science 2006; 312:413–416. 
10.1126/science.1125695. 
Johnson, J.C.; Knutsen, K.P.; Yan, H.; Law, M.; Zhang, Y.; Yang, P.; Saykally, R.J. Ultrafast Carrier 
Dynamics in Single ZnO Nanowire and Nanoribbon Lasers. Nano Lett. 2004; 4:197–204. 
10.1021/nl034780w. 
Keem, K.; Kim, H.; Kim, G.-T.; Lee, J.Soo; Min, B.; Cho, K.; Sung, M.-Y.; Kim, S. Photocurrent in ZnO 
nanowires grown from Au electrodes. Appl. Phys. Lett. 2004; 84:4376–4378. 
10.1063/1.1756205. 
Keldysh, L.V. Behavior of non-metallic crystals in strong electric fields. JETP 1958; 6:763–770. 
Kelzenberg, M.D.; Turner-Evans, D.B.; Kayes, B.M.; Filler, M.A.; Putnam, M.C.; Lewis, N.S.; Atwater, 
H.A. Photovoltaic Measurements in Single-Nanowire Silicon Solar Cells. Nano Lett. 2008; 8:710–714. 
10.1021/nl072622p. 
Kempa, T.J.; Tian, B.; Kim, D.Rip; Hu, J.; Zheng, X.; Lieber, C.M. Single and Tandem Axial p-i-n 
Nanowire Photovoltaic Devices. Nano Lett. 2008; 8:3456–3460. 
10.1021/nl8023438. 
Kim, C.-J.; Lee, H.-S.; Cho, Y.-J.; Kang, K.; Jo, M.-H. Diameter-Dependent Internal Gain in Ohmic Ge 
Nanowire Photodetectors. Nano Lett. 2010; 10:2043–2048. 
10.1021/nl100136b. 
Kim, D.C.; Dheeraj, D.L.; Fimland, B.O.; Weman, H. Polarization dependent photocurrent 
spectroscopy of single wurtzite GaAs/AlGaAs core-shell nanowires. Appl. Phys. Lett. 2013; 
102:142107. 
10.1063/1.4801865. 
28 
 
Kind, H.; Yan, H.; Messer, B.; Law, M.; Yang, P. Nanowire Ultraviolet Photodetectors and Optical 
Switches. Adv. Mater. 2002; 14:158–160. 
10.1002/1521-4095(20020116)14:2<158::AID-ADMA158>3.0.CO;2-W. 
Kittel, C. Introduction to Solid State Physics: New York, John Wiley & Sons, Inc. 1995. 
Krogstrup, P.; Jørgensen, H.Ingerslev; Heiss, M.; Demichel, O.; Holm, J.V.; Aagesen, M.; Nygard, J.; 
Fontcuberta i Morral, Anna Single-nanowire solar cells beyond the Shockley–Queisser limit. Nature 
Photon 2013; 7:306–310. 
10.1038/NPHOTON.2013.32. 
Kuykendall, T.; Ulrich, P.; Aloni, S.; Yang, P. Complete composition tunability of InGaN nanowires 
using a combinatorial approach. Nat Mater 2007; 6:951–956. 
10.1038/nmat2037. 
Lany, S.; Zunger, A. Anion vacancies as a source of persistent photoconductivity in II-VI and 
chalcopyrite semiconductors. Phys. Rev. B 2005; 72:35215. 
10.1103/PhysRevB.72.035215. 
Law, M.; Goldberger, J.; Yang, P. Semiconductor nanowires and nanotubes. Annu. Rev. Mater. Res. 
2004; 34:83–122. 
10.1146/annurev.matsci.34.040203.112300. 
Lee, J.; Hernandez, P.; Lee, J.; Govorov, A.O.; Kotov, N.A. Exciton-plasmon interactions in molecular 
spring assemblies of nanowires and wavelength-based protein detection. Nat Mater 2007; 6:291–
295. 
10.1038/nmat1869. 
Lee, J.-S.; Sim, S.-K.; Min, B.; Cho, K.; Kim, S.Won; Kim, S. Structural and optoelectronic properties of 
SnO2 nanowires synthesized from ball-milled SnO2 powders. J. Cryst. Growth 2004; 267:145–149. 
10.1016/j.jcrysgro.2004.03.030. 
Leschkies, K.S.; Divakar, R.; Basu, J.; Enache-Pommer, E.; Boercker, J.E.; Carter, C.Barry; Kortshagen, 
U.R.; Norris, D.J.; Aydil, E.S. Photosensitization of ZnO Nanowires with CdSe Quantum Dots for 
Photovoltaic Devices. Nano Lett. 2007; 7:1793–1798. 
10.1021/nl070430o. 
Leschkies, K.S.; Jacobs, A.G.; Norris, D.J.; Aydil, E.S. Nanowire-quantum-dot solar cells and the 
influence of nanowire length on the charge collection efficiency. Appl. Phys. Lett. 2009; 95:193103. 
10.1063/1.3258490. 
Lévy-Clément, C.; Tena-Zaera, R.; Ryan, M.A.; Katty, A.; Hodes, G. CdSe-Sensitized p-CuSCN/Nanowire 
n-ZnO Heterojunctions. Adv. Mater. 2005; 17:1512–1515. 
10.1002/adma.200401848. 
Li, P.-J.; Liao, Z.-M.; Zhang, X.-Z.; Zhang, X.-J.; Zhu, H.-C.; Gao, J.-Y.; Laurent, K.; Leprince-Wang, Y.; 
Wang, N.; Yu, D.-P. Electrical and Photoresponse Properties of an Intramolecular p-n Homojunction 
in Single Phosphorus-Doped ZnO Nanowires. Nano Lett. 2009; 9:2513–2518. 
10.1021/nl803443x. 
Li, Q.; Wang, G.T. Strain influenced indium composition distribution in GaN/InGaN core-shell 
nanowires. Appl. Phys. Lett. 2010; 97:181107. 
10.1063/1.3513345. 
29 
 
Li, Q.H.; Gao, T.; Wang, Y.G.; Wang, T.H. Adsorption and desorption of oxygen probed from ZnO 
nanowire films by photocurrent measurements. Appl. Phys. Lett. 2005; 86:123117. 
10.1063/1.1883711. 
Li, Y.; Clady, R.; Park, J.; Thombare, S.V.; Schmidt, T.W.; Brongersma, M.L.; McIntyre, P.C. Ultrafast 
Electron and Phonon Response of Oriented and Diameter-Controlled Germanium Nanowire Arrays. 
Nano Lett. 2014. 
10.1021/nl500953p. 
Li, Y.; Qian, F.; Xiang, J.; Lieber, C.M. Nanowire electronic and optoelectronic devices. Materials 
Today 2006; 9:18–27. 
10.1016/S1369-7021(06)71650-9. 
Lin, H.; Liu, H.; Qian, X.; Lai, S.-W.; Li, Y.; Chen, N.; Ouyang, C.; Che, C.-M.; Li, Y. Constructing a Blue 
Light Photodetector on Inorganic/Organic p–n Heterojunction Nanowire Arrays. Inorg. Chem. 2011; 
50:7749–7753. 
10.1021/ic200900a. 
Lo, S.Shang; Major, T.A.; Petchsang, N.; Huang, L.; Kuno, M.K.; Hartland, G.V. Charge Carrier Trapping 
and Acoustic Phonon Modes in Single CdTe Nanowires. ACS Nano 2012; 6:5274–5282. 
10.1021/nn3010526. 
Maharjan, A.; Pemasiri, K.; Kumar, P.; Wade, A.; Smith, L.M.; Jackson, H.E.; Yarrison-Rice, J.M.; Kogan, 
A.; Paiman, S.; Gao, Q.; Tan, H.H.; Jagadish, C. Room temperature photocurrent spectroscopy of 
single zincblende and wurtzite InP nanowires. Appl. Phys. Lett. 2009; 94:193115. 
10.1063/1.3138137. 
Mariani, G.; Wong, P.-S.; Katzenmeyer, A.M.; Léonard, F.; Shapiro, J.; Huffaker, D.L. Patterned Radial 
GaAs Nanopillar Solar Cells. Nano Lett. 2011; 11:2490–2494. 
10.1021/nl200965j. 
Melnick, D.A. Zinc Oxide Photoconduction, an Oxygen Adsorption Process. J. Chem. Phys. 1957; 
26:1136. 
10.1063/1.1743483. 
Neppl, F.; Kotthaus, J.P.; Koch, J.F. Mechanism of intersubband resonant photoresponse. Phys. Rev. B 
1979; 19:5240–5250. 
10.1103/PhysRevB.19.5240. 
Nowak, M.; Mistewicz, K.; Nowrot, A.; Szperlich, P.; Jesionek, M.; Starczewska, A. Transient 
characteristics and negative photoconductivity of SbSI humidity sensor. Sensors and Actuators A: 
Physical 2014; 210:32–40. 
10.1016/j.sna.2014.02.004. 
Parkinson, P.; Joyce, H.J.; Gao, Q.; Tan, H.Hoe; Zhang, X.; Zou, J.; Jagadish, C.; Herz, L.M.; Johnston, 
M.B. Carrier Lifetime and Mobility Enhancement in Nearly Defect-Free Core−Shell Nanowires 
Measured Using Time-Resolved Terahertz Spectroscopy. Nano Lett. 2009; 9:3349–3353. 
10.1021/nl9016336. 
Peng, K.; Xu, Y.; Wu, Y.; Yan, Y.; Lee, S.-T.; Zhu, J. Aligned Single-Crystalline Si Nanowire Arrays for 
Photovoltaic Applications. Small 2005; 1:1062–1067. 
10.1002/smll.200500137. 
Peng, K.-Q.; Lee, S.-T. Silicon Nanowires for Photovoltaic Solar Energy Conversion. Adv. Mater. 2011; 
23:198–215. 
10.1002/adma.201002410. 
30 
 
Persano, A.; Nabet, B.; Taurino, A.; Prete, P.; Lovergine, N.; Cola, A. Polarization anisotropy of 
individual core/shell GaAs/AlGaAs nanowires by photocurrent spectroscopy. Appl. Phys. Lett. 2011; 
98:153106. 
10.1063/1.3578189. 
Pfüller, C.; Brandt, O.; Grosse, F.; Flissikowski, T.; Chèze, C.; Consonni, V.; Geelhaar, L.; Grahn, H.T.; 
Riechert, H. Unpinning the Fermi level of GaN nanowires by ultraviolet radiation. Phys. Rev. B 2010; 
82. 
10.1103/PhysRevB.82.045320. 
Polenta, L.; Rossi, M.; Cavallini, A.; Calarco, R.; Marso, M.; Meijers, R.; Richter, T.; Stoica, T.; Lüth, H. 
Investigation on Localized States in GaN Nanowires. ACS Nano 2008; 2:287–292. 
10.1021/nn700386w. 
Prades, J.D.; Hernandez-Ramirez, F.; Jimenez-Diaz, R.; Manzanares, M.; Andreu, T.; Cirera, A.; 
Romano-Rodriguez, A.; Morante, J.R. The effects of electron–hole separation on the 
photoconductivity of individual metal oxide nanowires. Nanotechnology 2008; 19:465501. 
10.1088/0957-4484/19/46/465501. 
Prechtel, L.; Padilla, M.; Erhard, N.; Karl, H.; Abstreiter, G.; Fontcuberta i Morral, Anna; Holleitner, 
A.W. Time-Resolved Photoinduced Thermoelectric and Transport Currents in GaAs Nanowires. Nano 
Lett. 2012a; 12:2337–2341. 
10.1021/nl300262j. 
Prechtel, L.; Song, L.; Manus, S.; Schuh, D.; Wegscheider, W.; Holleitner, A.W. Time-Resolved 
Picosecond Photocurrents in Contacted Carbon Nanotubes. Nano Lett. 2011; 11:269–272. 
10.1021/nl1036897. 
Prechtel, L.; Song, L.; Schuh, D.; Ajayan, P.; Wegscheider, W.; Holleitner, A.W. Time-resolved ultrafast 
photocurrents and terahertz generation in freely suspended graphene. Nat Comms 2012b; 3:646. 
10.1038/ncomms1656. 
Rasool, K.; Rafiq, M.A.; Ahmad, M.; Imran, Z.; Hasan, M.M. TiO2 nanoparticles and silicon nanowires 
hybrid device: Role of interface on electrical, dielectric, and photodetection properties. Appl. Phys. 
Lett. 2012; 101:253104. 
10.1063/1.4772068. 
Reimer, M.E. Single photon emission and detection at the nanoscale utilizing semiconductor 
nanowires. J. Nanophoton 2011; 5:53502. 
10.1117/1.3562279. 
Ren, S.; Zhao, N.; Crawford, S.C.; Tambe, M.; Bulović, V.; Gradečak, S. Heterojunction Photovoltaics 
Using GaAs Nanowires and Conjugated Polymers. Nano Lett. 2011; 11:408–413. 
10.1021/nl1030166. 
Rigutti, L.; Tchernycheva, M.; De Luna Bugallo, A.; Jacopin, G.; Julien, F.H.; Zagonel, L.F.; March, K.; 
Stephan, O.; Kociak, M.; Songmuang, R. Ultraviolet Photodetector Based on GaN/AlN Quantum Disks 
in a Single Nanowire. Nano Lett. 2010; 10:2939–2943. 
10.1021/nl1010977. 
Rossler, C.; Hof, K.-D.; Manus, S.; Ludwig, S.; Kotthaus, J.P.; Simon, J.; Holleitner, A.W.; Schuh, D.; 
Wegscheider, W. Optically induced transport properties of freely suspended semiconductor 
submicron channels. Appl. Phys. Lett. 2008; 93:71107. 
10.1063/1.2970035. 
31 
 
Rudolph, D.; Funk, S.; Döblinger, M.; Morkötter, S.; Hertenberger, S.; Schweickert, L.; Becker, J.; 
Matich, S.; Bichler, M.; Spirkoska, D.; Zardo, I.; Finley, J.J.; Abstreiter, G.; Koblmüller, G. Spontaneous 
Alloy Composition Ordering in GaAs-AlGaAs Core–Shell Nanowires. Nano Lett. 2013; 13:1522–1527. 
10.1021/nl3046816. 
Ruppert, C.; Thunich, S.; Abstreiter, G.; Fontcuberta i Morral, A.; Holleitner, A.W.; Betz, M. Quantum 
Interference Control of Femtosecond, μA Current Bursts in Single GaAs Nanowires. Nano Lett. 2010; 
10:1799–1804. 
10.1021/nl1004898. 
Sanford, N.A.; Blanchard, P.T.; Bertness, K.A.; Mansfield, L.; Schlager, J.B.; Sanders, A.W.; Roshko, A.; 
Burton, B.B.; George, S.M. Steady-state and transient photoconductivity in c-axis GaN nanowires 
grown by nitrogen-plasma-assisted molecular beam epitaxy. J. Appl. Phys. 2010; 107:34318. 
10.1063/1.3275888. 
Seletskiy, D.V.; Hasselbeck, M.P.; Cederberg, J.G.; Katzenmeyer, A.; Toimil-Molares, M.E.; Léonard, F.; 
Talin, A.Alec; Sheik-Bahae, M. Efficient terahertz emission from InAs nanowires. Phys. Rev. B 2011; 
84:115421. 
10.1103/PhysRevB.84.115421. 
Shah, J. Ultrafast spectroscopy of semiconductor and semiconductor nanostructures: New York, 
Springer-Verlag 1996. 
Shiu, S.-C.; Chao, J.-J.; Hung, S.-C.; Yeh, C.-L.; Lin, C.-F. Morphology Dependence of Silicon 
Nanowire/Poly(3,4-ethylenedioxythiophene):Poly(styrenesulfonate) Heterojunction Solar Cells. 
Chem. Mater. 2010; 22:3108–3113. 
10.1021/cm100086x. 
Sivakov, V.; Andrä, G.; Gawlik, A.; Berger, A.; Plentz, J.; Falk, F.; Christiansen, S.H. Silicon Nanowire-
Based Solar Cells on Glass: Synthesis, Optical Properties, and Cell Parameters. Nano Lett. 2009; 
9:1549–1554. 
10.1021/nl803641f. 
Soci, C.; Zhang, A.; Bao, X.-Y.; Kim, H.; Lo, Y.; Wang, D. Nanowire Photodetectors. J. Nanosci. 
Nanotech. 2010; 10:1430–1449. 
10.1166/jnn.2010.2157. 
Soci, C.; Zhang, A.; Xiang, B.; Dayeh, S.A.; Aplin, D. P. R.; Park, J.; Bao, X.Y.; Lo, Y.H.; Wang, D. ZnO 
Nanowire UV Photodetectors with High Internal Gain. Nano Lett. 2007; 7:1003–1009. 
10.1021/nl070111x. 
Spicer, W.E.; Chye, P.W.; Garner, C.M.; Lindau, I.; Pianetta, P. The surface electronic structure of 3–5 
compounds and the mechanism of Fermi level pinning by oxygen (passivation) and metals (Schottky 
barriers). Surface Science 1979; 86:763–788. 
10.1016/0039-6028(79)90458-8. 
Spirkoska, D.; Fontcuberta i Morral, Anna; Dufouleur, J.; Xie, Q.; Abstreiter, G. Free standing 
modulation doped core-shell GaAs/AlGaAs hetero-nanowires. Phys. Status Solidi RRL 2011; 5:353–
355. 
10.1002/pssr.201105338. 
Stelzner, T.; Pietsch, M.; Andrä, G.; Falk, F.; Ose, E.; Christiansen, S. Silicon nanowire-based solar cells. 
Nanotechnology 2008; 19:295203. 
10.1088/0957-4484/19/29/295203. 
32 
 
Suehiro, J.; Nakagawa, N.; Hidaka, S.-i.; Ueda, M.; Imasaka, K.; Higashihata, M.; Okada, T.; Hara, M. 
Dielectrophoretic fabrication and characterization of a ZnO nanowire-based UV photosensor. 
Nanotechnology 2006; 17:2567–2573. 
10.1088/0957-4484/17/10/021. 
Sze, S.M.; NG, K.K. Physics of semiconductor devices: Hoboken, New Jersey, John Wiley & Sons, Inc. 
2007. 
Tang, J.; Huo, Z.; Brittman, S.; Gao, H.; Yang, P. Solution-processed core-shell nanowires for efficient 
photovoltaic cells. Nature Nanotech 2011; 6:568–572. 
10.1038/NNANO.2011.139. 
Tang, Y.B.; Chen, Z.H.; Song, H.S.; Lee, C.S.; Cong, H.T.; Cheng, H.M.; Zhang, W.J.; Bello, I.; Lee, S.T. 
Vertically Aligned p-Type Single-Crystalline GaN Nanorod Arrays on n-Type Si for Heterojunction 
Photovoltaic Cells. Nano Lett. 2008; 8:4191–4195. 
10.1021/nl801728d. 
Tchernycheva, M.; Lavenus, P.; Zhang, H.; Babichev, A.V.; Jacopin, G.; Shahmohammadi, M.; Julien, 
F.H.; Ciechonski, R.; Vescovi, G.; Kryliouk, O. InGaN/GaN Core-Shell Single Nanowire Light Emitting 
Diodes with Graphene-Based P-Contact. Nano Lett. 2014; 14:2456–2465. 
10.1021/nl5001295. 
Thunich, S.; Prechtel, L.; Spirkoska, D.; Abstreiter, G.; Fontcuberta i Morral, A.; Holleitner, A.W. 
Photocurrent and photoconductance properties of a GaAs nanowire. Appl. Phys. Lett. 2009; 
95:83111. 
10.1063/1.3193540. 
Tian, B.; Kempa, T.J.; Lieber, C.M. Single nanowire photovoltaics. Chem. Soc. Rev. 2008; 38:16–24. 
10.1039/b718703n. 
Tian, B.; Zheng, X.; Kempa, T.J.; Fang, Y.; Yu, N.; Yu, G.; Huang, J.; Lieber, C.M. Coaxial silicon 
nanowires as solar cells and nanoelectronic power sources. Nature 2007; 449:885–889. 
10.1038/nature06181. 
Tilke, A.T.; Pescini, L.; Lorenz, H.; Blick, R.H. Fabrication and transport characterization of a primary 
thermometer formed by Coulomb islands in a suspended silicon nanowire. Appl. Phys. Lett. 2003; 
82:3773. 
10.1063/1.1578184. 
Trägårdh, J.; Persson, A.I.; Wagner, J.B.; Hessman, D.; Samuelson, L. Measurements of the band gap 
of wurtzite InAs1−xPx nanowires using photocurrent spectroscopy. J. Appl. Phys. 2007; 101:123701. 
10.1063/1.2745289. 
Unalan, H.Emrah; Hiralal, P.; Kuo, D.; Parekh, B.; Amaratunga, G.; Chhowalla, M. Flexible organic 
photovoltaics from zinc oxide nanowires grown on transparent and conducting single walled carbon 
nanotube thin films. J. Mater. Chem. 2008; 18:5909–5912. 
10.1039/b810748c. 
Urich, A.; Unterrainer, K.; Mueller, T. Intrinsic Response Time of Graphene Photodetectors. Nano 
Lett. 2011; 11:2804–2808. 
10.1021/nl2011388. 
Varghese, B.; Tamang, R.; Tok, E.Soon; Mhaisalkar, S.G.; Sow, C.Haur Photothermoelectric Effects in 
Localized Photocurrent of Individual VO2 Nanowires. J. Phys. Chem. C; 114:15149–15156. 
10.1021/jp1051936. 
33 
 
Vitiello, M.S.; Coquillat, D.; Viti, L.; Ercolani, D.; Teppe, F.; Pitanti, A.; Beltram, F.; Sorba, L.; Knap, W.; 
Tredicucci, A. Room-Temperature Terahertz Detectors Based on Semiconductor Nanowire Field-
Effect Transistors. Nano Lett. 2012; 12:96–101. 
10.1021/nl2030486. 
VJ, L.; Oh, J.; Nayak, A.P.; Katzenmeyer, A.M.; Gilchrist, K.H.; Grego, S.; Kobayashi, N.P.; Wang, S.-Y.; 
Talin, A.Alec; Dhar, N.K.; Islam, M.Saif A Perspective on Nanowire Photodetectors: Current Status, 
Future Challenges, and Opportunities. IEEE J. Select. Topics Quantum Electron. 2011; 17:1002–1032. 
10.1109/JSTQE.2010.2093508. 
Wang, J.; Gudiksen, M.S.; Duan, X.; Cui, Y.; Lieber, C.M. Highly Polarized Photoluminescence and 
Photodetection from Single Indium Phosphide Nanowires. Science 2001; 293:1455–1457. 
10.1126/science.1062340. 
Wang, X.; Pey, K.L.; Yip, C.H.; Fitzgerald, E.A.; Antoniadis, D.A. Vertically arrayed Si 
nanowire/nanorod-based core-shell p-n junction solar cells. J. Appl. Phys. 2010; 108:124303. 
10.1063/1.3520217. 
Wang, Y.; Liao, Z.; She, G.; Mu, L.; Chen, D.; Shi, W. Optical modulation of persistent 
photoconductivity in ZnO nanowires. Appl. Phys. Lett. 2011; 98:203108. 
10.1063/1.3590926. 
Wei, W.; Bao, X.-Y.; Soci, C.; Ding, Y.; Wang, Z.-L.; Wang, D. Direct Heteroepitaxy of Vertical InAs 
Nanowires on Si Substrates for Broad Band Photovoltaics and Photodetection. Nano Lett. 2009; 
9:2926–2934. 
10.1021/nl901270n. 
Winkelmann, C.B.; Ionica, I.; Chevalier, X.; Royal, G.; Bucher, C.; Bouchiat, V. Optical Switching of 
Porphyrin-Coated Silicon Nanowire Field Effect Transistors. Nano Lett. 2007; 7:1454–1458. 
10.1021/nl0630485. 
Wu, Z.; Neaton, J.B.; Grossman, J.C. Charge Separation via Strain in Silicon Nanowires. Nano Lett. 
2009; 9:2418–2422. 
10.1021/nl9010854. 
Yan, R.; Gargas, D.; Yang, P. Nanowire photonics. Nature Photon 2009; 3:569–576. 
10.1038/nphoton.2009.184. 
Yang, P.; Yan, R.; Fardy, M. Semiconductor Nanowire: What’s Next? Nano Lett. 2010; 10:1529–1536. 
10.1021/nl100665r. 
Yao, M.; Huang, N.; Cong, S.; Chi, C.-Y.; Seyedi, M.Ashkan; Lin, Y.-T.; Cao, Y.; Povinelli, M.L.; Dapkus, 
P.Daniel; Zhou, C. GaAs Nanowire Array Solar Cells with Axial p-i-n Junctions. Nano Lett. 2014; 
14:3293–3303. 
10.1021/nl500704r. 
Yoon, K.; Hyun, J.K.; Connell, J.G.; Amit, I.; Rosenwaks, Y.; Lauhon, L.J. Barrier height measurement of 
metal contacts to Si nanowires using internal photoemission of hot carriers. Nano Lett. 2013; 
13:6183–6188. 
10.1021/nl4035412. 
Yoon, Y.-J.; Park, K.-S.; Heo, J.-H.; Park, J.-G.; Nahm, S.; Choi, K.Jin Synthesis of ZnxCd1−xSe (0 ≤x≤ 1) 
alloyed nanowires for variable-wavelength photodetectors. J. Mater. Chem. 2010; 20:2386–2390. 
10.1039/b917531h. 
34 
 
Yuhas, B.D.; Yang, P. Nanowire-Based All-Oxide Solar Cells. J. Am. Chem. Soc. 2009; 131:3756–3761. 
10.1021/ja8095575. 
Zhai, T.; Fang, X.; Liao, M.; Xu, X.; Li, L.; Liu, B.; Koide, Y.; Ma, Y.; Yao, J.; Bando, Y.; Golberg, D. 
Fabrication of High-Quality In 2 Se 3 Nanowire Arrays toward High-Performance Visible-Light 
Photodetectors. ACS Nano 2010; 4:1596–1602. 
10.1021/nn9012466. 
  
35 
 
 
 
 
Figure 1 
 
 
 
 
Figure 2 
  
36 
 
 
 
Figure 3 
 
 
 
 
Figure 4 
 
37 
 
 
 
Figure 5 
 
 
 
Figure 6 
38 
 
 
Figure 7 
 
 
7 
Figure 8 
 
39 
 
 
Figure 9 
 
 
 
Figure 10 
 
